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I. INTRODUCTION
Meson masses are fundamental quantities characterizing hadron properties. Temperature (T ) dependence of meson masses plays an important role in understanding properties of hot-QCD matter, for example, in determining reaction rates of hadron-hadron collisions and dilepton production. In fact, T dependence of η ′ and vector mesons was recently measured in heavy-ion collisions [1, 2] .
For later convenience, we call the meson mass "meson pole mass" in order to distinguish it from "meson screening mass". As already mentioned above, meson screening masses are relatively easier to calculate than meson pole masses in LQCD simulations at finite T , since the spatial lattice size is larger than the temporal one; see Appendix A for further discussion on the difficulty of meson pole-mass calculations. In fact, T dependence of light-meson screening masses was recently determined in a wide range 140 < ∼ T < ∼ 800 MeV 
is commonly used as an order parameter (indicator) of the chiral-symmetry restoration [4] [5] [6] , where σ l (T ) (σ s (T )) is the chiral condensate for light quarks (s-quark). The chiralsymmetry restoration is found to be crossover [7] and the pseudocritical temperature T χ c is determined to be T χ c = 154 ± 9 MeV [5, 6] . T dependence of ∆ l,s (T ) is also obtainable with LQCD, but not directly measurable with experiments.
Physical quantities, ∆ l,s (T ) and M As a complementary approach to LQCD simulations, one can consider effective models such as the Nambu-JonaLasinio (NJL) model and the the Polyakov-loop extended Nambu-Jona-Lasinio (PNJL) model [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . As already mentioned above, M pole ξ (T ) are not easy to calculate with LQCD simulations. In addition, if one is interested in physical quantities at finite quark chemical potential µ, LQCD simulations face the well-known sign problem, so that LQCD results are concentrated on the µ/T < ∼ 1 region. For this reason, the phase diagram beyond the region has been discussed and predicted with effective models. In particular, the PNJL model has been applied for many phenomena, since it can treat both chiral and deconfinement transitions. Recently, a Polyakovloop (Φ) dependent four-quark vertex was introduced to control the correlation between the two transitions [25, 26] . The PNJL model with the entanglement (Φ-dependent) fourquark interaction is called the entanglement-PNJL (EPNJL) model [25, 26] . The EPNJL model is quite successful in reproducing LQCD data in the imaginary µ region [27, 28] and the real isospin chemical potential region [29] where LQCD is free from the sign problem.
T dependence of M pole ξ (T ) for low-lying meson was studied extensively with NJL-type effective models [8, 12, 19, 23, 24, 30] . In spite of the success of NJL-type models in reproducing meson pole masses at T = 0, it was difficult to calculate M scr ξ (T ) with NJL-type models. However, this problem was solved very lately by formulating the meson correlation function carefully in momentum space [31] ; see Sec. II C for the detail. For the 2+1 flavor system, NJLtype effective models usually consist of the scalar-type fourquark interaction responsible for the chiral-symmetry restoration and the Kobayashi-Maskawa-'t Hooft (KMT) determinant (six-quark) interaction [32, 33] responsible for the effective U (1) A -symmetry restoration. In general, the coupling strength G D of the KMT interaction is proportional to the Tdependent instanton density dn inst (T ) [34, 35] . For high T , the instanton density dn inst (T ) is suppressed by the Debyetype screening [34, 35] . This means that G D depends on T :
. Very lately, T dependence of G D (T ) was determined from LQCD data on ∆M scr a0,π (T ) with the EPNJL model [36] . The G D (T ) thus determined predicts that there is a tricritical point of chiral phase transition in the southwest direction of the physical point on m l -m s plane. The success of the EPNJL model in reproducing LQCD data is originated in the fact that the coupling strength G S of the scalar-type four-quark interaction depends on T through Φ. The EPNJL model is thus essentially equal to the PNJL model with a Tdependent coupling strength G S = G S (T ), as far as the case of µ = 0 is concerned.
In this paper, we propose a practical effective model by introducing T -dependent coupling strengths, G S (T ) and G D (T ), to the 2+1 flavor PNJL model. T dependence of G S (T ) is determined from LQCD data on T χ c [5, 6] and ∆ l,s (T ) [4] , while T dependence of G D (T ) is from LQCD data on ∆M scr a0,π (T ) [3] in T > 1.1T χ c = 170 MeV where only the U (1) A -symmetry breaking survives [36, 37] . In T > 1.04T χ c = 160 MeV, this model reproduces LQCD data [3] on M scr ξ (T ) for both pseudoscalar mesons π, K, ηs s and scalar mesons a 0 , κ, σs s . In T < 1.04T χ c = 160 MeV, the agreement between model results and LQCD data is good for pseudoscalar π, K mesons and pretty good for scalar a 0 , κ, σs s mesons. For ηs s meson, the model result overestimates LQCD data by about 10% ∼ 30% in T < 1.04T χ c = 160 MeV, but the deviation becomes small rapidly as T increases from 160 MeV. The deviation may be related to the fact that the disconnected diagrams are neglected in LQCD calculations. This point is discussed.
Using this practical effective model, we predict meson pole masses M pole ξ (T ) for pseudoscalar mesons π, K, η, η ′ and scalar mesons a 0 , κ, σ, f 0 . For η ′ meson, the prediction is compared with the experimental value [1] at finite T measured in heavy-ion collisions. We show that the relation M 
II. FORMALISM

A. Model setting
We consider the 2+1 flavor PNJL model [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and introduce T -dependent coupling strengths, G S (T ) and G D (T ), for four-and six-quark interactions. The Lagrangian density is
where the gauge field
for the gauge coupling g. The λ a (t a ) are the Gell-Mann matrices in flavor (color) space, λ 0 = 2/3 I F for the unit matrix I F in flavor space, and det f,f ′ stands for the determinant in flavor space. In the 2+1 flavor system, the quark fields
In the original version of the PNJL model, the coupling strength G D of KMT six-quark interaction is constant, but it has been shown very recently in Ref. [36] that T dependence is necessary for G D to explain LQCD data on T dependence of ∆M scr a0,π , i.e., the U (1) A -symmetry restoration. The Tdependent strength G D (T ) thus determined is
T dependence of Eq. (3) is consistent with that of the instanton density dn inst (T ) [34, 35] for high T .
It is very likely that T dependence is necessary also for the coupling strength G S of four-quark interaction. We then introduce a T -dependent coupling strength G S (T ) of the same function form as G D (T ):
It is possible to determine the parameter set (T 1 , b 1 ) from LQCD data on ∆M scr a0,π (T ) and the set (T 2 , b 2 ) from LQCD data on ∆ l,s (T ). The results of this parameter fitting will be shown in Sec. III A. The resultant values are tabulated in Table I. In our previous work [36] , we used the EPNJL model with a T -dependent KMT interaction of form (3) . The values of T 1 and b 1 are close to the present ones shown in Table I . In the PNJL model, only the time component A 4 of gauge field A µ is treated as a homogeneous and static background field. In the Polyakov gauge, the Polyakov loop Φ and its Hermitian conjugateΦ are obtained by
with the Polyakov-loop operator We take the logarithm-type Polyakov-loop potential of Ref. [18] as U that is determined from T dependence of LQCD data in the pure gauge limit. When the potential is applied to QCD with dynamical quarks, the parameter T 0 included in U is used as an adjustable parameter. In the present case, we take T 0 = 180 MeV so that the PNJL model can reproduce 2+1 flavor LQCD data on T dependence of pion screening mass at T > ∼ T χ c = 154 ± 9 MeV, where the value of T χ c is determined with LQCD simulations [5, 6] . Making the mean field approximation (MFA) to Eq. (2), one can obtain the linearized Lagrangian density
where the quark propagator
The mesonic potential U M is defined by
Making the path integral over quark fields in the mean-field action, one can get the thermodynamic potential (per unit volume)
with E p,f = p 2 + M 2 f and β = 1/T . The mean-field variables (X = σ l , σ s , Φ,Φ) are determined by the stationary conditions
where isospin symmetry is assumed for the light-quark sector, i.e.,
On the right-hand side of Eq. (9), the first term (vacuum term) diverges. The three-dimensional (3d) momentum-cutoff regularization is often used to avoid the divergence. However, the regularization breaks Lorentz invariance and thereby induces an unphysical oscillation in the spatial correlation function ζ ξξ (0, x) [38] . In addition, the fundamental rela-
is not satisfied as a consequence of the Lorentz-symmetry breaking. We then use the PauliVillars (PV) regularization [38, 39] . This PV regularization TABLE II: Model parameters determined from physical quantities at vacuum. Set (A) is the realistic parameter set that is determined from experimental or empirical values at vacuum. In set (B), m l and ms are slightly changed from set (A) so as to become consistent with the lattice setting (m l /ms = 1/10 and M pole π (0) = 176 MeV) of LQCD simulations of Ref. [3, 4] . has a parameter Λ with mass dimension; see Sec. II C for further explanation.
Eventually, the present model has five parameters Table II . When we compare model results with LQCD data, we refit the values of m l and m s so as to become consistent with the lattice setting. This parameter set is refered to as set (B) in this paper; see Sec. II D for the detail. Table III shows physical quantities at vacuum calculated with the parameter set (A) of Table II and the corresponding experimental or empirical values. Numbers with asterisk are inputs of the present parameter fitting. The parameter set (A) reproduces available experimental data reasonably well. In addition, the results of set (A) are close to those of the parameter set in Ref. [8] for meson pole masses for η, a 0 , κ, σ, f 0 , the mixing angle θ η between η 0 and η 8 states, the mixing angle θ σ between σ 0 and σ 8 states, the effective s-quark mass M s , and the kaon decay constant f K .
B. Meson pole masses
We consider pseudoscalar mesons (ξ = π, K, η, η ′ ) and scalar ones (ξ = a 0 , κ, σ, f 0 ), and recapitulate the formalism of Refs. [8] . The current operator for ξ meson is expressed by
with 
MeV. Experimental data on the decay constants fπ and fK are taken for charged pion and kaon.
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where λ ns = diag(1, 1, 0) and λ s = diag(0, 0, √ 2). Mesons η and η ′ (σ and f 0 ) are described as mixed states of ηs s and ηl l (σs s and σl l ) states: Namely,
with the orthogonal matrix O(θ)
where the mixing angle θ ls η (θ ls σ ) represents the ηs s -ηl l (σs sσl l ) mixture and is obtained by diagonalizing coupled meson propagators for ηl l and ηs s (σl l and σs s ) states [8] . The Fourier transform χ ξξ ′ (q 2 ) of mesonic correlation function
with (external) momentum q = (q 0 , q), whereq = ±|q| and T stands for the time-ordered product. Using the randomphase (ring) approximation, one can obtain the SchwingerDyson equation
for χ ξξ ′ , where G ξξ ′ is an effective four-quark interaction working between mesons ξ and ξ ′ . The one-loop polarization function Π ξξ ′ is defined by
with internal momentum p = (p 0 , p), where p ′ = (p 0 + iA 4 , p) and the trace Tr is taken in flavor, Dirac and color spaces. The quark propagator S(p) is diagonal in flavor space:
2 ) can be classified with quark and anti-quark flavors f and f ′ as
for the scalar mesons and
for pseudoscalar mesons, where the trace tr c,d is taken in color and Dirac spaces and
For finite T , the corresponding equations are obtained by the replacement
Here we explain the PV regularization for the thermodynamic potential Ω of Eq. (9) and the three integrals I
In the PV scheme, the functions
where M f ;0 = M f and the M f ;α (α = 1, 2) mean masses of auxiliary particles. The parameters M f ;α and C α should satisfy the condition (24), but the term does not depend on the mean-field variables (σ l , σ s , Φ,Φ) and is irrelevant to the determination of mean-field variables for any T . Therefore we can simply drop the term. We assume
, following Ref. [42] . We keep the parameter Λ finite even after the subtraction (24) , since the present model is non-renormalizable.
π, a0, K, κ mesons
For ξ = π, a 0 , K and κ, the effective four-quark interactions G ξξ ′ and the polarization functions Π ξξ ′ are diagonal, i.e., G ξξ ′ = G ξ δ ξξ ′ , Π ξξ ′ = Π ξ δ ξξ ′ , because of isospin symmetry in the light-quark sector and the random-phase approximation. One then can easily get the solution to the SchwingerDyson equation (16) as
for ξ = π, a 0 , K and κ, where the effective couplings G ξ are defined by
and the one-loop polarization functions Π ξ are written by
The meson pole mass M pole ξ is a pole of χ ξξ (q 2 0 ,q 2 ) in the complex q 0 plane. Taking the rest frame q = (q 0 , 0) for convenience, one can get the equation The pole masses of η and η ′ (σ and f 0 ) mesons are obtained by solving the coupled-channel equations (16) 
The Schwinger-Dyson equation for χ ξ is obtained from Eq.
as
with
The solution to Eq. (33) is
where I is the unit matrix and the determinant det is taken in the ξl l and ξs s channels. The matrix elements of G η and G σ are explicitly obtained by
and those of Π η , Π σ are by
The masses of η and η ′ (σ and f 0 ) are determined as poles of χ η (χ σ ), that is, as zero points of the determinant in Eqs. (35)- (37):
Two poles are found in the complex q 0 plane. The lighter and heavier pole masses correspond to η and η ′ (σ and f 0 ) meson masses, respectively.
C. Meson screening masses
We first show the reason why the derivation of M scr ξ (T ) was difficult in NJL-type effective models before the work of Ref. [31] , and next recapitulate the method of Ref. [31] and extend it from single-channel systems to multi-channel systems. The M scr ξ is defined with the spatial correlator ζ ξξ (0, x) in the long-distance limit (r = |x| → ∞):
where
Equation (44) has two problems, when theq integration is performed. The first problem stems from the regularization taken. As already mentioned in Sec. II A, the 3d momentum cutoff is commonly used, but it breaks Lorentz invariance even in T = 0. This induces an unphysical oscillation in ζ ξξ (0, x) at large r [38] . We can easily solve this problem by using the PV regularization. This is the reason why we take the PV regularization in this paper. As easily found from Eq. (44), direct numerical calculations of theq integration are quite difficult at large r because of highly oscillation of the integrand. This is the second problem. In order to solve this problem, one can consider analytic continuation of χ ξξ (0,q 2 ) to the complex q plane. In general, the integration can be made easily with the Cauchy's integral theorem. However, the complex function χ ξξ (0,q 2 ) has logarithmic cuts in the vicinity of the real q axis [38] . This demands quite time-consuming numerical calculations to evaluate the contribution of logarithmic cuts [38] . In our previous works [31, 36] , we showed that these logarithmic cuts are not physical and avoidable by taking the Matsubara summation over n after the p integration in Eq. (23) . Consequently, we obtain the regularized function I as an infinite series of analytic functions:
where "Log" denotes the principle value of the logarithm. The function iI f f ′ 3,reg is real for realq, when q 0 = 0. This means that mesons do not decay into a quark and an antiquark. The function I f f ′ 3,reg is obtained as an infinite series, but we numerically confirmed that the sequence of partial sums converges rapidly. In the last form of Eq. (45), each term has two physical cuts on the imaginary axis; one is an upward vertical line starting from the branch pointq = i (M f + M f ′ ) and the other is a downward vertical line from the branch pointq = −i (M f + M f ′ ). In the upper half-plane where the contour integration is taken, the lowest branch point is
The screening mass M scr ξ is determined as a pole of χ ξξ (0,q 2 ) on the imaginaryq axis. The pole should be located below the lowest branch point:
where M th can be regarded as "threshold mass" in the sense that meson is incontinuum states when M scr ξ > M th . For ξ = π, a 0 , K, κ channels, we can obtain the M scr ξ by solving the equation
when M scr ξ < M th . As T increases, M scr ξ (pole) approaches M th (the lowest branch point) from below [31, 36] . Meanwhile, M th itself tends to 2πT in the high-T limit, since A jj 4 does to 0 in Eq. (46). Therefore, M scr ξ approaches 2πT with respect increasing T . Now we consider the channel mixing. The formalism on meson screening masses is the same as that on meson pole masses. Only the difference is that the external momentum is set to q = (0, q). The coupled equations for the M scr ξ are
whereq = ±|q|. Here note that M th = 2(M l ) j=1,n=0,α=0 for η, σ mesons. For η ′ , f 0 mesons, we consider M th = 2(M s ) j=1,n=0,α=0 as the threshold mass. Strictly speaking, η ′ (f 0 ) can decay into a light-quark pair by the channel mixing. However, such a contribution is unphysical for low temperature because of the color confinement and small for high temperature because of small channel mixing.
D. Model tuning for LQCD-data analyses
We use LQCD data of Ref. [3] for the M scr ξ (T ) and of Ref. [4] for ∆ l,s (T ), since the same lattice setting is taken in the two simulations. In Refs. [3, 4] , the quark-mass ratio is m l /m s = 1/10, and the π-meson mass at T = 0 is M pole π (0) = 176 MeV that is slightly heavier than the experimental value 138 MeV. In model calculations, we then change quark masses from (m l , m s ) = (8 MeV, 191 MeV) to (m l , m s ) = (13 MeV, 130 MeV) to become consistent with the lattice setting. This parameter set is tabulated as set (B) in Table II .
In LQCD simulations of Refs. [3, 4] , T χ c is measured to be 196 MeV, but the value established in state-of-art LQCD simulations of Refs. [5, 6] is T χ c = 154 ± 9 MeV. Therefore, we rescale the values of T and M scr ξ in Refs. [3, 4] to reproduce T χ c = 154 ± 9 MeV. In LQCD simulations of Ref. [3] for pseudoscalar mesons (η, η ′ ) and scalar ones (σ, f 0 ), the quark-line disconnected diagrams are neglected and thereby the ηs s (σs s ) channel is decoupled with the ηl l (σl l ) channel. Eventually, LQCD data are available only for ηs s -and σs s -meson screening masses. We then switch off the channel mixing in model calculations by setting G ξssξl l = G ξl l ξss = 0 for ξ = η, σ, when we analyze the LQCD data on ηs s and σs s mesons.
Particularly for η-and η ′ -meson masses at T = 0, it is shown in Ref. [43] that the disconnected diagrams are necessary to reproduce the experimental values, although they are neglected in finite-T LQCD simulations of Ref. [3] for M scr ξ (T ). The disconnected diagrams contribute to both diagonal and off-diagonal elements of the correlation-function matrix χ ξ in Eq. (32), whereas the connected diagrams do to only the diagonal elements. The channel mixing induced by the off-diagram elements is thus one of effects induced by the disconnected diagrams. We can then divide the disconnecteddiagrams effects into the channel-mixing effect and the remaining disconnected-diagram effects acting on the diagonal elements of χ ξ . Model calculations with the parameter set (A) include the channel-mixing effect explicitly and the remaining disconnected-diagram effects implicitly, since the set (A) is so determined as to reproduce experimental data on meson pole masses at T = 0, particularly on M pole η ′ (0). Hence, we can consider that model calculations with the parameter set (B) also include the channel-mixing effect explicitly and the remaining disconnected-diagram effects implicitly, whereas LQCD calculations do not have any disconnected-diagram effects. We switch off the channel mixing in model calculations to evaluate ηs s -and σs s -meson screening masses, but we should note that the remaining disconnected-diagram effects are included in model calculations implicitly.
III. NUMERICAL RESULTS
A. Parameter fitting
As shown in Eqs. (3) and (4) [36, 37] . Similarly, the parameters (T 2 , b 2 ) are determined from LQCD data associated with the chiral-symmetry restoration, i.e., the pseudocritical temperature T χ c = 154±9 MeV [5, 6] and the renor- 
B. Meson screening masses
We consider meson screening masses for pseudoscalar and scalar mesons and analyze LQCD data of Ref. [3] , using the present model with the parameter set (B). In the model calculations the channel mixing is switched off, since the disconnected diagrams are neglected in LQCD data of Ref. [3] . (a) procedure is taken for the other lines. In both LQCD data and model results, all the meson masses tend to 2πT with respect to increasing T ; see Sec. II C for the proof. Owing to this property, in T > 1.04T χ c = 160 MeV, model results well reproduce LQCD data for all the mesons. In T < 1.04T χ c = 160 MeV, the agreement between model results and LQCD data is good for pseudoscalar π, K mesons and pretty good for scalar a 0 , κ, σs s mesons. For pseudoscalar ηs s meson, the model result overestimates LQCD data by about 10% ∼ 30% in T < 1.04T χ c = 160 MeV, but the deviation becomes small rapidly as T increases from 160 MeV. The deviation in T < 1.04T χ c = 160 MeV may come from the remaining disconnected-diagram effects acting on the diagonal elements of χ ξ . This implies that the channel-mixing effect is also important for ηs s meson in T < 1.04T χ c = 160 MeV. This statement is confirmed with model calculations in Sec. III E. In addition, this statement is consistent with the statement of Ref. [44] that the disconnected diagrams may be suppressed at least for T ≫ T χ c by the Debye screening and the weakly interacting nature of the deconfined phase.
For later discussion, we evaluate the M scr ξ (T ) also in the realistic case, taking the parameter set (A) and taking account of the channel mixing in model calculations. Figure 3 shows the results for (a) pseudoscalar mesons π, K, η, η ′ and (b) scalar mesons a 0 , κ, σ, f 0 . As mentioned in Fig. 2 , all the meson screening masses tend to 2πT . This property is independent of quark masses. At high T , the M scr ξ (T ) calculated with the realistic parameter set (A) are close to those with the set (B). The difference between the former and the latter appear only in T < T χ c = 154 ± 9 MeV.
C. Meson pole masses
Now we predict meson pole masses in the realistic case, taking the parameter set (A) and taking account of the channel mixing in model calculations. The results are shown for pseudoscalar mesons π, K, η, η ′ in Fig. 4(a) and for scalar mesons a 0 , κ, σ, f 0 in Fig. 4(b) . For η ′ meson, the pole mass in medium with finite T was deduced from heavy-ion collision measurements as M is not smooth when the quark-pair production threshold is opened. This threshold effect is seen at T = 190 MeV, e.g., for η ′ meson. As shown later in Sec. III E, the channel mixing is negligible for η ′ meson in T > 160 MeV, indicating that η ′ meson is purely thess state there. This result supports the ansatz in experimental analyses that η ′ meson behaves just like a free particle in medium after it is produced. calculations, whenever T dependence of the difference is not smooth, it is due to the threshold effect. For pseudoscalar mesons, the difference tends to become larger for heavier meson. For scalar mesons, meanwhile, the difference is universal approximately: 
is satisfied at both T = 0 and ∞. The identity at T = 0 comes from the fact that M approaches 1 with respect to increasing T as a consequence of the effective SU (3) V -symmetry restoration. The symmetry is broken by the fact m s = m l in vacuum, but it is restored effectively at high T because the symmetry breaking is the order of (m s − m l )/T there; precisely speaking, for the flavorsinglet states, the symmetry is broken also by the quark-line disconnected diagrams, but the diagrams are suppressed by the Debye screening and the weakly interacting nature at high T [44] . Figure 6 shows the ratios as a function of T for (a) pseudoscalar mesons (ξ = K, η, η ′ , ξ ′ = π) and (b) scalar mesons (ξ = κ, σ, f 0 , ξ ′ = a 0 ). Qualitatively, the two ratios have similar T dependence each other for both pseudoscalar and scalar mesons: Namely,
Quantitatively, the relation (52) is well satisfied within 20% error for pseudoscalar and scalar mesons. The relation is useful, because it allows us to estimate M 
E. Discussion
T dependence of the channel-mixing effect is investigated within model calculations. The parameter set (B) is taken in model calculations. In Fig. 7(a) , the thin and thick solid lines denote the results of model calculations with the channel mixing for screening masses of η and η ′ mesons, respectively. Note that the lines are drawn when the condition M scr ξ (T ) < M th is satisfied. When the channel mixing is switched off, the thin and thick solid lines are changed into the thin and thick dashed lines that stand for screening masses of ηl l and ηs s channels, respectively. As expected in Sec. III B, the channelmixing effect is large for η-and η ′ -meson screening masses in T < 1.04T χ c = 160 MeV. This is a result of the fact that the mass difference between the thin and thick dashed lines is small there; for example, the difference is 113 MeV at T = 140 MeV. For T > 1.04T χ c = 160 MeV, the channel-mixing effect is negligible, since G ηssηl l = G ηl l ηss = G D (T )σ l / √ 2 is quite small in Eq. (34) because of σ l ≈ 0. In Fig. 7(b) , the thin and thick solid lines stand for the results of model calculations with the channel mixing for screening masses of σ and f 0 mesons, respectively, while the thin and thick dashed lines correspond to the results of model calculations without the channel mixing for screening masses of σl l and σs s channels, respectively. In the case of σ and f 0 mesons, the channelmixing effect is negligible for any T . This is because the mass difference between the thin and thick dashed lines is large in (a) T < 1.04T χ c = 160 MeV (e.g., the difference is 335 MeV at T = 140 MeV) and
MeV. Consequently, the channel mixing as the characteristics of the disconnected diagrams is important only for η-and η ′ -meson screening masses in T < 1.04T χ c = 160 MeV. Also for η-and η ′ -meson pole masses, we can take the same conclusion.
IV. SUMMARY
We have proposed a practical effective model by introducing T -dependent coupling strengths, G S (T ) and G D (T ), to four-quark and six-quark KMT interactions in the 2+1 flavor PNJL model. T dependence of G D (T ) is determined from LQCD data [3] on ∆M MeV. Meanwhile, in T < 1.04T χ c = 160 MeV, the agreement between model results and LQCD data is good for pseudoscalar π, K mesons and pretty good for scalar a 0 , κ, σs s mesons. For ηs s meson, the model result overestimates LQCD data by about 10% ∼ 30% in T < 1.04T χ c = 160 MeV, but the deviation decreases rapidly as T increases from 160 MeV.
In finite-T LQCD simulations of Ref. [3] , the disconnected diagrams are neglected when M scr ηss (T ) is calculated. As a consequence of this approximation, the ηs s channel is decoupled with the ηl l channel. We then divide the disconnected-diagram effects into the channel-mixing effect and the remaining disconnected-diagram effects acting on the diagonal elements of the correlation-function matrix χ ξ . The model calculation includes the remaining disconnected-diagram effects implicitly, even if the channel mixing is switched off. The deviation between model calculations and LQCD data for ηs s meson in T < 1.04T χ c = 160 MeV may stem from the remaining disconnected-diagram effects implicitly included in model calculations.
Using this practical effective model with the realistic parameter set (A), we have predicted meson pole masses M We have also found that the channel mixing as the characteristics of the disconnected diagrams is important only for η-and η ′ -meson masses in T < 1.04T χ c = 160 MeV. This indicates that η ′ meson is purely thess state in T > ∼ 1.04T χ c = 160 MeV. This result supports the ansatz in experimental analyses that η ′ meson behaves just like a free particle in medium after it is produced.
